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METHODS: Preoperative magnetic resonance imaging is used to generate a patient-specific three-dimensional finite element model of the brain by which deformation resulting from multiple surgical processes may be simulated. Sparse imaging data obtained subsequently, such as from digital cameras or ultrasound, are then used to prescribe the displacement of selected points within the model. Based on the model, interpolation to the resolution of preoperative imaging may then be performed.
RESULTS:
The algorithms for generation of the finite element model and for its subsequent deformation were successfully validated using a pig brain model. In these experiments, the method recovered 84% of the intraoperative shift resulting from surgically induced tissue motion. Preliminary clinical application in the operating room has demonstrated feasibility. CONCLUSION: A strategy by which intraoperative brain deformation may be accounted for has been developed, validated in an animal model, and demonstrated clinically.
Brain displacement and deformation during surgery, and the resulting inaccuracies of image-guided surgery based on preoperative imaging studies, have generated increasing interest and concern. Characterization and quantification of "brain shift" has begun (4, 5, 18) , and strategies to address this source of error are in early stages of development. Reregistration using intraoperative features, intraoperative ultrasound, and intraoperative computed tomography (CT) or magnetic resonance imaging (MRI) have been proposed and implemented (3, 7-9, 12, 22) . Each of these methods has particular strengths and weaknesses, but in general, more accurate and higher-resolution approaches are achieved only at considerable cost. Computational methods may help achieve similar ends at considerably reduced expense. This article proposes one such strategy, using sophisticated brain modeling methods and reduced intraoperative imaging data sets to account for changes in brain morphology during surgery (11, 16) .
One technique to mathematically model the shape and certain properties of the brain uses the finite element method. Two-dimensional implementations in the brain have been investigated by various groups (6, 14, 15, 21) , but more accurate three-dimensional (3-D) models have remained elusive because of previously prohibitive computing resource requirements. Today's computational resources have the capability to generate 3-D domains using patient-specific data from neuroimaging studies, which can then be used to solve the complex physics underpinning brain tissue behavior. Once the anatomic mesh has been generated, various model parameters related to boundary conditions, the location of internal substructures, pressure gradients, and interstitial fluid content can be manipulated, and the resulting displacement fields can be determined. In addition, as the model has been derived from imaging data, the conversion process may be reversed to create deformed images based in part on computational solutions.
Conceptually, a potentially powerful strategy to update images intraoperatively would be to generate a computational model for a patient undergoing surgery, collect readily accessible but sparse intraoperative information relevant to brain movement, modify the model accordingly, and then update the preoperatively obtained high-resolution images. In this article, we describe the essential elements to implement such a strategy in the operating room. We demonstrate the confluence of these components in a patient with postcraniotomy brain sag, which we have found to be one of the predominant modes of intraoperative brain motion (18) . If the model-updated paradigm we propose for preoperative image compensation is successful, it may not be necessary to obtain intuitively or esthetically attractive but expensive high-resolution imaging during surgery to address brain shift.
MATERIALS AND METHODS Finite element brain modeling
The finite element method (FEM) is a classic engineering analysis technique for solving partial differential equations on complex, heterogeneous domains. It has been widely used in structural and continuum mechanics problems and has been popular in biomedical applications as well. The FEM divides physical geometry into an interconnected set of subregions or elements, each having its own shape and associated physical properties. In the limit of vanishingly small elements, the finite element solution to the partial differential equation converges to its analytical continuum counterpart. Thus, given sufficient resolution of the geometry, the FEM provides highly accurate solutions to complicated equations modeling complex physics such as brain deformation or the distribution of interstitial pressure in the brain when subjected to load.
Although popular in the general biomechanics literature, there has been surprisingly little FEM modeling of brain tissue behavior. The majority of reported studies were performed in the 1970s and investigated impact loads to the intact cranium for car crash safety evaluation (6, 21) . Although this form of brain tissue modeling was rather primitive, it provided impetus for measuring the mechanical properties of brain tissue, which is important for developing more complex models of brain deformation. Finite element modeling of brain tissue under loading conditions associated with pathophysiology such as hydrocephalus and hemorrhage has been developed recently (14, 15) . These studies have used more sophisticated and realistic representations of brain tissue as a multiphasic porous medium; however, the analysis has remained two-dimensional with limited centimeter-scale discretization of the dominant anatomic landmarks visible on axial CT sections of the brain.
We have extended the linearly elastic, porous media model for brain tissue to three dimensions (11, 16) and are evaluating the potential of using this approach as the vehicle for updating neuronavigational image databases intraoperatively. This model considers the brain as a sponge-like material, in which tissue motion is characterized by an instantaneous deformation at the contact area, followed by additional deformation resulting from exiting pore fluid driven by the development of a pressure gradient. The governing equations for this type of consolidation in brain tissue can be written as:MATH 1 MATH 2 where G is the shear modulus (in Pa); [nu] is Poisson's ratio;u is the displacement vector (in m);p is the pore fluid pressure (in Pa); [alpha] is the ratio of fluid volume extracted to volume change of tissue under compression;k is the hydraulic conductivity (in m 3 s/kg); and 1/ S is the amount of fluid that can be forced into the tissue under constant volume (in Pa -1 ).
Equation 1
Equation 2 These equations assume that the solid tissue behaves in a linearly elastic fashion and that the pore fluid is incompressible. is a conservation statement that balances mechanical equilibrium forces with the fluid pressure gradient across the tissue, and provides the constitutive relationship between volumetric strain and fluid pressure leading to coupled partial differential equations in the unknown displacement and pressure fields. Hence, under known (or estimated) loading and boundary conditions, Equation Pair 1 is computed with the FEM, yielding spatially defined displacement and pressure fields throughout the computational volume. Generally, the brain can be considered a saturated medium, which eliminates the time rate of change in pressure from (i.e., [alpha] = 1, 1/ s= 0), and we have made this assumption in our brain tissue models to date. Details of this FEM approach have been described previously (16) .
Anatomic model construction Figure 1 illustrates a finite element mesh of a human brain based on high-resolution preoperative MRI scans. This mesh is generated through a series of steps beginning with the preoperative MRI series. Scan data are imported into ANALYZE (Biomedical Imaging Resource, Mayo Foundation, Rochester, MN) and the cranium is removed through manual tissue segmentation. The marching cubes algorithm with appropriate levels of surface decimation renders the remaining brain tissue parenchyma into a surface wire frame that guides the mesh generation process (19) . We use the algebraic integer method of Sullivan et al. (20) to generate the nonoverlapping but interconnected set of tetrahedral volume elements conforming to the wire frame of the brain surface. Intensity thresholding is then exploited to demarcate gray and white matter. The average intensity of all MRI voxels falling inside each finite element is used to assign the material properties according to whether the voxel averages are above (white matter) or below (gray matter) a user-specified intensity threshold. Following these procedures leads to the finite element computational domain ( Fig. 1 ), which is a faithful representation of both the complex geometrical shape of the brain and its dominant tissue constituents with significantly different mechanical properties. FIGURE 1. A, wire-frame view of a patient-specific heterogeneous finite element mesh, which was derived from preoperative MRI. B, a coronal slice with the modeled gray and white matter boundaries delineated, in the plane indicated in the wire-frame view shown in A. The construction illustrated is used in the described clinical case study.
This mesh consists of 15,518 nodes and 82,427 elements that yield a discretization density with approximately 0.5 cm nodal separation. At each sampling point (node), Equation Set 1 is computed involving four degrees of freedom (variables) consisting of three displacement components plus the pore fluid pressure. This very large matrix system of 62,072 coupled equations is then solved in iterative fashion using established techniques. Solving Equation Set 1 on a finite element mesh having the nodal density of Figure 1 requires approximately 2 hours of computer time on a conventional workstation. Although this is still too long for active updating in the operating room, a number of computational economies have yet to be exploited. For example, information related to matrix assembly and preconditioning for a displacement/pressure solution could be precomputed on the basis of the preoperative MRI data. Under this hypothesis, solutions used to update the navigational image space can occur in approximately 5 to 10 minutes, making the technique potentially viable in the operating room with a modest amount of software optimization.
Integration of pre-and intraoperative data
One of the potential advantages of the model-updated image-guided concept is the opportunity to maximize the usefulness of both pre-and intraoperative data for neuronavigation. This seems particularly important given the current wealth of preoperative information and planning accompanying most neurosurgical cases; there is a potential loss or de-emphasis of this information in the adoption of real-time MRI. As outlined above, high-resolution preoperative MRI forms the basis for initial patient-specific anatomic model construction. At the current stage of mesh-generation technology and computing power available in the operating room, computational models can incorporate internal structures such as the lateral ventricles and tissue heterogeneity such as gray and white matter boundaries (Fig. 1) . Detailed sulcal and gyral patterns associated with the cortical surface are beyond the mesh resolution capabilities and workstation level computing power that exist today, but given the rapid escalation in performance-to-price ratios within the computer industry, this limitation is expected to be short term.
Preoperative model calculations can also be performed to streamline the process in the operating room. For example, the time-consuming steps of matrix assembly and preconditioning can be precomputed once the anatomic model has been established. Additionally, the model can be used as a preoperative planning tool and simulator to estimate anticipated amounts of brain shift.
Once in the operating room, several forms of reduced or sparse data (short of full CT or MRI) are readily available for incorporation into the model. Specifically, we envision monitoring the movement of the cortical surface, ultimately through automated surface digitization, but even in the short term by capturing stereoscopic digital images or tracking cortical features. Figure 2 shows examples of cortical features that can be tracked for this purpose. The information supplies boundary data to the model, which drives subsurface estimates of tissue deformation. The movement of the landmarks identified in Figure 2 was measured during a clinical case (described below) using previously developed techniques (18). 
RESULTS

Model validation
Model validation involves answering two questions: 1) does the discrete model represent the continuum mathematics as posed, and 2) does the discrete model emulate physical reality? The former question, although important, is relatively straightforward. One of the keys to this form of validation is exercising the model under a number of different conditions where known solutions exist. For example, we have computed model results for three benchmark problems of increasing complexity ranging from a relatively simple one-dimensional column consolidation problem to a 3-D concentric sphere case intended to correspond to infusion-induced brain swelling (16) . Computational accuracy of 1 to 2% in both the displacement and pressure fields has been readily achieved on moderate levels of finite element discretization. A second aspect of examining the mathematical integrity of computed results is investigating the propagation of error during the time evolution of the solution. Here, we have conducted Fourier analysis of the spectrum of modes sustainable by the discrete equations on an infinite mesh (10) , and the results illustrate the ability to achieve stability in error propagation.
The more important and difficult question is determining the extent to which the consolidation Equations 1 represent enough of the physics involved in brain tissue deformation to be useful in the intraoperatively updated neuroimaging context. To this end, a series of six experiments has been performed using the pig brain as a model system for tracking deformation fields induced under surgical loading conditions. Before the surgical procedures, detailed MRI examinations of the pig cranium were obtained. These scans drove the FEM discretization as described above. During the surgical procedure, the pig was secured in a customized stereotactic frame, 2-mm holes were drilled in the cranium using a patterned template, and an array of 16 to 21 1-mm-diameter steel beads to serve as markers for tracking tissue deformation was implanted. A portable fluoroscope was used to evaluate marker fixation in the tissue, and if markers were found to have moved significantly from their initial placement before surgical loading, they were eliminated from the study as tissue movement indicators. After completion of an experiment, the brain was harvested and sectioned for histological assessment. The bead placement procedures were found to cause minimal trauma (minor hemorrhaging along the lower 3-5 mm of an insertion track), and the applied loads caused no preferential swelling in the invaded hemisphere relative to its uninvolved contralateral side.
These experiments involved either the expansion of a balloon catheter (two animals) or the translation of a laterally positioned piston (four animals) as tissue deformation sources, and resultant bead movement was tracked using CT scanning. These experiments have been modeled using the FEM approach, and comparisons between experimental and calculated bead trajectories have been performed. For intraparenchymal and temporal balloon expansion experiments, we have observed average total displacement errors of 15% (16) and 6% (11) maximal bead displacement, respectively. In the piston translation studies, the total displacement error averages for each piston advance (4, 8, 10, 12 , and 14 mm) over multiple experiments were 0.3 ± 0.2 mm (25% of 1.2-mm average marker displacement), 0.4 ± 0.3 mm (16% of 2.5 mm), 0.4 ± 0.3 mm (12% of 3.2 mm), 0.5 ± 0.4 mm (13% of 3.9 mm), and 0.6 ± 0.5 mm (14% of 4.4 mm). The findings suggest that on average we are able to recover 84% (100% -the average of the above percentages) of the intraoperative shift caused by surgically induced tissue motion in this pig model (9a). The results from the balloon catheter and piston experiments illustrate very good agreement with total displacement error as well as trajectory.
Clearly, more extensive validation will be required for the human brain. An initial series of validations will be performed on the basis of intraoperatively measured cortical surface shifts accompanied by coregistered ultrasound data on subsurface movement. Ultimately, intraoperative CT or MRI of volumetric motion, with its relatively high-resolution anatomic detail, is desirable for evaluating model performance.
Illustrative case
A 35-year-old man presented with a history of medically intractable epilepsy associated with a left medial posterior orbitofrontal mass, which had been previously biopsied with findings of dysembryoplastic neuroepithelial tumor. He was investigated using intracranial recording with subdural grid and strip electrodes and was brought to the operating room for resection of the tumor and surrounding epileptogenic cortex. In anticipation of this operation, his previously obtained high-resolution MRI study (3-D gradient echo, 124 slices, 1.5-mm slice thickness) was used to generate a patient-specific 3-D model (Fig. 1) .
At the time of surgery, the patient was placed under general anesthesia and positioned supine with his head secured in three-point fixation, turned 60 degrees to the right, and his neck extended downward 10 degrees. After a right frontal craniotomy and opening of the dura, an array of four cortical features or vessel junctions (Fig. 2 ) was digitized and tracked over the course of the procedure using the SurgiScope stereotactic system (Elekta AB, Stockholm, Sweden). This system integrates a Leica M695 operating microscope (Leica USA, Rockleigh, NJ) with a robotic platform spatially coregistered with imaging studies and was used similarly in a recent study of cortical displacement (18) . During the operation, coregistered intraoperative ultrasound was deployed to locate certain brain substructures of interest (Fig.  3) as a means of following subsurface tissue movement on a limited scale. The main source of deformation in this case was draining cerebrospinal fluid that resulted in the brain "sinking" in the direction of gravity. The mean displacement in the direction of gravity for the four-point cluster was 4.8 ± 1.4 mm.
Simulation of this procedure began with designation of the direction of gravitational forces, subsequent reorientation of the patient-specific model into the correct operating room position, as shown in Figure  4 , and designation of the amount of cerebrospinal fluid loss based on the inferiormost extent of surgery and the location of the bone flap. Normal brain values for tissue properties such as elasticity and hydraulic conductivity were used for the tumor. After finite element calculation of the resultant displacement and pore pressure fields, the deformed mesh, shown superimposed on its undeformed state in Figure 5 , demonstrates that significant cortical shift has occurred. Figure 6 quantifies the surface displacement predictions where magnitudes of cortical surface movement are presented in grayscale, with darker areas corresponding to larger displacements. The equivalent four-point cluster tracked with the SurgiScope was located on the model surface (corresponding position shown in Fig. 6 ). The average total displacement in the direction of gravity of the four-point cluster was calculated to be 4.7 ± 0.9 mm, which is remarkably consistent with the clinical shift observed. In this patient, the intraoperatively measured cortical displacement was not used to constrain or refine the predictive model directly, but rather as a semiquantitative measure of model performance. In the future, displacement data obtained from the cortical surface will be fed back into the model and become an integral part of the full implementation of this concept. On the basis of the displacements computed with the model, the patient's preoperative MRI scans were deformed, yielding a more accurate representation of the current navigational field in the operating room. A representative axial slice from the preoperative and model-updated MRI image databases is shown in Figure 7 , A and B. In the intraoperatively updated image, the effects of gravity are observed with the left frontal lobe sagging toward the midline. Figure 7C demonstrates the deformed image subtracted from the preoperative cross section, with areas shaded differently from the surrounding background representing the shift occurring during surgery. Surface sinking of the left frontal lobe is readily evident, but more importantly, a substantial shift of the ventricular structures is also predicted. To more fully appreciate the distribution of deformation in a volumetric sense, Figure 7D shows the same axial slice presented in Figure 7 , A to C, with a grayscale shading overlay that reports the magnitude of deformation predicted by the model. On the basis of Figure 7D , the model suggests that subsurface shifts ranging from 3 to 7 mm occur within the surgical field. Most currently used navigational systems would not account for this motion. 
DISCUSSION
Although early clinical work with both frame-based and frameless image-guided neurosurgery recognized and coped with brain displacement and deformation during surgery, further work in stereotactic surgery has focused on better characterization of the phenomenon and refinement of strategies to minimize its effects. Multiple quantitative studies have now demonstrated spatial error up to 1 cm or more, secondary to such tissue movement. Updating structural imaging by intraoperative MRI or CT is one approach to correcting for this, but there may be more cost-effective and less constraining solutions. A strategy has been developed by which finite element modeling of the individual patient's brain enables predictive reformatting of previous high-resolution imaging data, and by which lower-resolution but more easily obtained intraoperative imaging may be used to guide that process. Its feasibility has been demonstrated both in an animal model and in the operating room.
The advantages of such a strategy include the economy of less expensive intraoperative imaging, the easier acquisition of that imaging, the possibility of frequently repeated or continuous updating, and the retention and integration of other preoperative information. Such information, as from single-photon emission computed tomography, positron emission tomography, electroencephalography, functional MRI, and magnetic resonance spectroscopy, is not routinely or readily registered with subsequent studies of an operatively deformed brain; this presents a difficulty for its potential use during image-guided surgery. Modeling of the brain would facilitate its coregistration.
Coregistration of intraoperative imaging information from any modality with an individual patient's preoperative radiological studies is a nontrivial task. Rigid body transformation, which is used currently with most frameless systems to coregister preoperative studies with the patient's head at the start of surgery, will probably introduce considerable error in at least some region of the brain; the cranium-defined boundary limits for the brain parenchyma will result in deformation, independent of displacement. In this setting, predictive modeling of the brain, which enables interpolation within more sparsely sampled intraoperative imaging data, offers an alternative, nonrigidly transforming methodology.
Difficulties with this approach include the computational costs of 3-D finite element modeling. With current workstations and algorithms, this requires considerable preoperative preparation and intraoperative processing, precluding near real-time updating. These limitations may diminish fairly rapidly given recent trends in price versus performance within the computer industry.
Additional difficulty arises from the complexity of modeling normal and pathological physiological processes. Modeling boundary displacement, cerebrospinal fluid withdrawal, and the administration of hyperosmolar agents has been implemented. Other processes, including the very relevant process of tissue removal, are more difficult to model and have not yet been incorporated. This is a current limitation of the methodology, but work is in progress to model these more complex processes. The relative contribution of these various processes to overall brain behavior intraoperatively must be understood, and as future models include more of these processes, they will become more accurate.
A further challenge lies in necessary validation of the clinical application. Potential spatial error may be contributed by inaccurate modeling or by misinterpretation of analogous structures across imaging modalities. Studies are under way to validate the clinical model using comparative data obtained by high-resolution intraoperative CT and MRI.
The accuracy of the modeling approach may improve further with advances in preoperative imaging capabilities. Two emerging MRI-based imaging technologies could have a significant impact on the model-guided approach by providing additional and potentially important patient-specific preoperative data to the model. These include magnetic resonance elastography (2, 13), which could offer tissue stiffness information, and modified diffusion tensor imaging (1, 17) , which could determine tissue hydraulic conductivity values. Particularly important would be the ability to deduce the presence of property anisotropy that could significantly influence model calculations. Preoperative MRI might provide not only high-definition structural information but also critical patient-specific tissue property data in the near future.
Implementation of the proposed strategy has focused on use of intraoperative camera images and ultrasound, but the methodology may incorporate a wide variety of updating sources. Other additional data streams for the model-updated approach might include interstitial pressure or force measurements from sensor-equipped surgical instruments or retractors. Although the data available in the operating room are reduced relative to those in the preoperative imaging setting, the operative field is still a reasonably rich environment for data that could be exploited by a computational model.
